From daily precipitation data for June-July of 1971−2010, we examined the features and year-to-year variations of the Baiu precipitation around the Kyushu District, western Japan. The total precipitation in the Baiu season (June-July) at Nagasaki (located in northwest Kyushu) significantly decreased during the
Introduction
Around western Japan, heavy rainfall days' frequent appearance, with precipitation ≥ 50 mm day −1 , results in huge total precipitation amount in the Baiu season (Ninomiya and Mizuno 1987) . In this study, we defined a "heavy rainfall day" as one with precipitation ≥ 50 mm day −1 (hereinafter referred to as HRDs). Year-to-year or long-term variation in Baiu precipitation is also large. Misumi (1994) showed that the precipitation in June and July for 1924−1944, averaged over the Japan Islands, was less than that for 1952−1972 and was associated with differences in the meridional temperature gradient around western Japan between these two periods. Conversely, Endo (2011) revealed a longterm increasing trend and a year-to-year precipitation variability amplification on the Japan Sea side of western and eastern Japan in mid-to-late July during the 20th century. However, contribution of HRDs to the year-to-year variation of the Baiu precipitation should be also examind. Because HRDs appear more frequently in western Japan, especially in Kyushu during the mature Baiu season (Ninomiya and Mizuno 1987) , this study focuses on variations in Kyushu during this season.
As reported by Kato (1989) , Ninomiya and Muraki (1986) , and Ninomiya (1989) , large-scale atmospheric fields and cloud features around the Baiu front (hereinafter referred to as BF) show a remarkable seasonal transition from May to July. However, the characteristics of the rainfall systems on BF (including the distribution of deep convective and stratiform rainfall areas) vary under different large-scale atmospheric fields. Thus, an examination of the daily heavy rainfall area's spatial extension may reveal important information about the variation in the dominant meso-α-or synoptic-scale rainfall systems around BF.
The purpose of this study is to clarify the features of the appearance frequency of HRDs, the location of BF, and the meridional extension of the heavy rainfall area, relating to the year-toyear variations of the Baiu precipitation around Kyushu. For our analyses, we used daily precipitation data of 1971−2010 at the surface meteorological stations of the Japan Meteorological Agency and daily surface weather maps at 00UTC published by the Japan Weather Association (1971−2002) Figure 1 shows variation of the total precipitation for June, July, and "June + July" at Nagasaki. Nagasaki's location is indicated by N in Fig. 2a . The total precipitation in "June + July" fluctuates greatly from year to year, as reflected by the large variability in July. In June, the precipitation totaled more than 250 mm month −1 in most years before ~2000. However, it did not reach 200 mm month −1 in many years during the 2000s (2001− 2010) . The mean monthly precipitation (Ave) and its standard deviation (σ) values in June for each decade (presented as Ave ± σ) were 376 ± 130, 337 ± 142, 369 ± 121, and 238 ± 127 mm in the 1970s (1971−1980), 1980s (1981−1990), 1990s (1991−2000) , and 2000s, respectively. While the mean June precipitation levels for the 1970s, 1980s, and 1990s were nearly the same, those for the 2000s attained the Ave − σ value only during the previous periods.
Year-to-year variation of the Baiu precipitation in Kyushu
According to Welch's t-test, a significant difference (at the 95% confidence level) was observed in the mean precipitation for June in 1971−2000 and 2001−2010 . Moreover, although the July precipitation amount of these periods show no significant differences, the "June + July" precipitation was also significantly smaller in the 2000s than in previous periods at the 95% confidence level. Generally, the total Baiu precipitation depends on not only BF's location but also the precipitation features near the front, such as the HRDs' frequency and heavy rainfall area's meridional extension. Thus, in our study, we focus on the decrease in the June precipitation around Nagasaki for 2001−2010 with particular attention to the above factors.
To examine the spatial distribution of the decrease in precipitation in June during the 2000s, Fig. 2a Table 1 indicates the total precipitation and HRDs' contribution at Nagasaki and Kagoshima. The values for June 1−14 are also shown for comparison. At Nagasaki, precipitation decrease around late June during the 2000s was mainly because of the decrease in HRDs' contribution. However, the increase in total precipitation in the same period at Kagoshima during the 2000s is a reflection of HRDs' increased contribution. Interestingly, the June 1−14 decrease in total precipitation at Kagoshima during the 2000s was not only because of HRDs' decreased contribution but also because of the days with precipitation < 50 mm day −1 (corresponding to −72 − (−43) = −29 mm, from Table 1 ).
3. Decrease in total precipitation at Nagasaki during the 2000s in association with the difference in the dominant meridional extension of the heavy rainfall area 3.1 Total precipitation and HRDs' contribution at Nagasaki in relation to the surface front's location Figure 3 shows the meridional distribution of the surface fronts' appearance frequency on daily weather maps at 00UTC along 130E for June 15−July 4, averaged for each period, and the total precipitation at Nagasaki and Kagoshima for days when the surface front at 00UTC was located within the specified latitude belt at 1° interval. The surface fronts' appearance frequency was nearly the same in southern Kyushu (29.5°N−32.5°N) for 1971−2000 and 2001−2010, with a slight increase just to the north of Kyushu (north of ~32.5°N) during the 2000s. Total precipitation and HRDs' contribution at Nagasaki during the 2000s tended to decrease when the surface front was located in southern Kyushu (29.5°N−32.5°N) (Fig. 3b ), although they increased at Kagoshima in this situation (Fig. 3c ). These facts suggest that the decrease in precipitation at Nagasaki might be partly a reflection of the rainfall area's narrow meridional extension, which contains the heavy rainfall area (≥ 50 mm day −1 ). Conversely, heavy rainfall sometimes occurs in the warm sector of BF (Ninomiya 1978; Kato 2005 ). An example would be the significant precipitation at Nagasaki when the surface front was located just to its north in 1971−2000. However, note that the total precipitation and HRDs' contribution at Nagasaki did not increase during the 2000s despite the increase in BF's appearance frequency, north of Nagasaki.
Appearance frequency of different types of HRDs
As shown in A columns of Table 2 while it had decreased slightly in northwestern Kyushu. Notably, the relatively large decrease in pentad precipitation at Nagasaki during the 2000s was observed not only in early June but also in late June (Fig. 2b red broken line) , as occurred at Fukue and Ushibuka (indicated by U) in "NW Kyushu" (not shown here), while it increased greatly at Kagoshima during the 2000s (Fig. 2c  red broken line) .
While the difference between the pentad precipitation for 1971−2000 and 2001−2010 was significant at the 31st and 32nd pentads (May 31−June 9) in "NW Kyushu" and at the 32nd pentad (June 6−9) in "S Kyushu," at the 95% confidence level, the difference was not significant for the other pentads for June-July, as was the case at both Nagasaki and Kagoshima. However, the total precipitation's average difference at Kagoshima from that at Thus, we decided to examine the types of daily precipitation features that resulted in the decreased total precipitation around Nagasaki during the 2000s in late June with also use of the daily precipitation data at Kagoshima. We focused on the features of the 34−37th pentads (June 15−July 4, which includes the 34−36th Notably, in Cases K&N and N in B columns of Table 2 , the composite total precipitation for June 15−July 4 at Nagasaki also corresponds to HRDs' contribution. Thus, we can surmise that the decrease in HRDs' contribution to the total precipitation at Nagasaki for June 15−July 4 during the 2000s, as presented in Table  1, Figure 4 presents the distribution of the composite daily precipitation for Cases K&N, K, and N (1971−2010) at stations along the dotted line in the left panel of Fig. 2a . While the heavy rainfall area's meridional width, where the composite daily precipitation exceeds 50 mm day −1 , reached ~200 km in Cases K&N and N, it was only ~100 km in Case K. Furthermore, in Case K, when the composite daily precipitation was at maximum around Kagoshima, precipitation at ~100 km north of Kagoshima experienced only ~10 mm day −1 ; i.e., the heavy rainfall area in Case K was characterized by not only a narrower meridional extension but also a sharp northern boundary.
Composite meridional distribution of the precipitation and the atmospheric condition for each type of HRDs
As is well known, a huge water vapor transport by a strong low-level southerly wind along the northwestern periphery of the subtropical high toward BF sustains the heavy rainfall events' frequent appearance around the front (Akiyama 1973; Ninomiya 1984; Ninomiya and Akiyama 1992; Ninomiya and Muraki 1986) . Moreover, mesoscale or synoptic-scale disturbances sometimes appear on BF (Matsumoto et al. 1971; Akiyama 1978; Akiyama 1972, 1973; Ninomiya et al. 1981) . Such meso-α-scale rainfall systems, as well as a large-scale wind system and baroclinicity, are also related to the rainfall distribution around BF by their use of the water vapor transported to the front. Although we have not detailed these processes here, using the daily surface weather maps at 00UTC (Table 3) , we examined the eastward pressure gradient between 125°E and 135°E, as it related to the geostrophic southerly wind component toward BF (at 27.5°N) and around the frontal zone (at 32.5°N) for each case.
In Case K&N, the averaged values of the eastward sea level pressure (SLP) difference between 125°E and 135°E (ΔSLP) at 27.5°N/32.5°N were 4.9 hPa/5.0 hPa, respectively, and the pattern in which ΔSLP was ≥ 6 hPa at 27.5°N/32.5°N appeared with a frequency of 25%/33%, respectively (Table 3) . Conversely, ΔSLP at 32.5°N in Case K was not as large as that in Case K&N; i.e., in Case K&N, the relatively strong southerly wind in the lowermost layer would invade from the subtropics to northern Kyushu, but this did not occur in Case K. This suggests that the heavy rainfall area's wide meridional extension in Case K&N might be influenced by moisture's further northward transport "within" the Baiu frontal zone. Notably, ΔSLP at 32.5°N in Case N showed nearly the same magnitude as in Case K&N, although it needs to be further examined to determine whether northwest Kyushu was mainly situated mainly within the Baiu frontal zone or in its warm sector in Case N.
Discussion
As mentioned in Section 3.2, the appearance frequency of Cases K&N and N (in units of "days/20 days") decreased during the 2000s, whereas that of Case K increased (A columns of Table  2 ). Thus, regarding the results in Section 3.3, we illustrated that the heavy rainfall area's appearance frequency around Kyushu, which had a wide meridional width of ~200 km and relatively large ΔSLP area extending from the subtropical region to northwestern Kyushu, decreased during the 2000s in late June. However, the heavy rainfall area's appearance frequency with the relatively narrow meridional width around southern Kyushu increased during the same period. Fig. 2(a) . The distance corresponds to the difference in latitude among these stations. The names of the surface meteorological stations are shown to the right of the figure. Thus, we conclude that the decrease in total precipitation around Nagasaki in late June during the 2000s corresponded to the decrease in the appearance frequency of the daily heavy rainfall area associated with a relatively wide meridional width around Kyushu (as in Cases K&N and N) .
Further discussion is performed regarding the decrease in the contribution of precipitation in Case N at Nagasaki during the 2000s. As reported in Section 3.1, when compared with previous periods, the situation in which BF was located around northern Kyushu or to its north (north of ~33.5°N) was more frequently observed during the 2000s (Fig. 3a) . Although the tables are not shown here, when the surface weather map showed BF to be located north of ~33.5°N (situating Nagasaki in BF's warm sector), Case N's appearance frequency during the 2000s (0.7 day/20 days) did not differ significantly from that prior to 2000 (0.5 day/20 days). Thus, because the surface front's appearance frequency being north of ~33.5°N increased during the 2000s, as mentioned above, Case N's relative frequency to the total days with the surface front to the north of ~33.5°N decreased slightly. Furthermore, the mean daily precipitation at Nagasaki in Case N, when the surface front was north of ~33.5°N, also decreased considerably during the 2000s, i.e., 100 mm in 1971−2000 and 68 mm in 2001−2010 (not shown). Thus, the decrease in the contribution of precipitation in Case N to the total precipitation at Nagasaki, when BF was north of ~33.5°N, was caused by the decrease in both the relative appearance frequency of Case N and the mean daily precipitation in Case N.
As reported in Section 3.1, the total precipitation and HRDs' contribution at Nagasaki decreased when the surface front was located in southern or central Kyushu (29.5°N−32.5°N). Referring to A columns of Table 2 , together with the above paragraph, Case N for 1971−2000 occurred with a frequency of 1.0 day/20 days (1.5 − 0.5 = 1.0 day/20 days) when the surface front was located south of 33.5°N, while its appearance frequency decreased to 0.2 day/20 days (0.9 − 0.7 = 0.2 day/20 days) for 2001−2010; i.e., the decrease in HRDs at Nagasaki during the 2000s was also because of the decrease in Case N with the front located to the south of 33.5°N. As such, the total precipitation at Nagasaki during the 2000s appears to be a reflection of the reduction in the contribution of HRDs associated with a wider meridional extension (as in Case N), irrespective of whether BF was located north of Nagasaki.
Remarks
This study examined daily precipitation features associated with the decrease in the precipitation in the mature Baiu season around Nagasaki, in northwestern Kyushu (the western Japan Islands) during the 2000s. The total precipitation in the Baiu season at Nagasaki decreased significantly during the 2000s, at the 95% confidence level, mainly in June. The area with the most considerable decrease in precipitation in June during the 2000s extended widely in northwestern Kyushu, although it increased in southern Kyushu. The regional contrast in the precipitation differences in the 2000s from those in 1971−2000 between northwestern and southern Kyushu was remarkable in late June (the mature Baiu season in Japan). The decrease in total precipitation, as at Nagasaki in late June during the 2000s, was a direct reflection of HRDs' reduced contribution there. Notably, the less frequent appearance of HRDs associated with a wider meridional extension of a huge rainfall area (such as Cases K&N and N) appears to have resulted in the decrease in total precipitation at Nagasaki during the 2000s. Table 3 . Averaged values of ΔSLP (Ave) (hPa) and number of days when ΔSLP ≥ 6 hPa at 27.5°N and 32.5°N for each case (together with the ratio to the total number for the case) are shown in Columns (a) and (b), respectively, for Cases K&N, K, and N (1971−2010) , where ΔSLP indicates the difference of sea level pressure (SLP) between 135°E and 125°E (ΔSLP ≡ SLP135°E − SLP125°E). The averaged ΔSLP, together with the standard deviation of ΔSLP for the samples áσñ, is shown in hPa. 4.9 á1.4ñ 3.7 á1.4ñ 3.7 á1.4ñ 6 (25%) 7 (10%) 3 ( 6%)
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